The effect of a synthetic municipal solid waste leachate (MSW) on the long-term performance of dual wedge welds in a 1.5 mm thick high-density polyethylene geomembrane (GMB) is reported based on four years of testing at 40, 65 75, 85 o C. The effect of leachate on the GMB well away from the weld, in the heat affected zone beside the weld, and in the welded zone are investigated.
INTRODUCTION
High-density polyethylene (HDPE) geomembranes (GMBs) are used as liners for municipal solid waste landfills to minimize the leakage of both liquids and gases into the surrounding environment (Rowe et al. , 2008 Rowe 2005 Rowe , 2012 . In the absence of holes, the GMB is essentially impermeable to the flow (leakage) of liquids and gases by advection provided it is adequately seamed. There are three commonly used methods of seaming HDPE GMBs: hot wedge welding, hot air welding, and extrusion fillet welding. The most predominant is the dual hot wedge seam (Müller 2007; Scheirs 2009 ). Here, the panels of HDPE GMB are welded by heating the material from each panel to a temperature above the melting point and then pressing the panels together under pressure forming two seams either side of a small gap and thereby providing a continuous hydraulic barrier between the two welded panels. One of the advantages of this method is that the small gap (the so-called air channel in the insert to Figure 1a ) between the two parallel seams can be pressurized after one hour for non-destructive testing (GRI-GM19).
In the base of a 50 ha landfill there will be over 78 km of seam (assuming 6.8 m wide rolls about 170m long) or over 1500 m of weld per ha. Since seams are known to be locations where stresses concentrate to a level that can be three times higher than in the sheet away from the welds (Giroud 2005; Kavazanjian et al. 2017) , this combined with the length of seams makes them a critical location in the liner.
There are now over 30 years of successful experience using HDPE GMBs as landfill liners (Mitchell et al. 2007 ). However, given that the contaminating lifespan for large landfill sites is in excess of a century, and may be many centuries , this leaves open the question as to the durability of welded areas and how long a HDPE GMB seam will last at typical landfill temperatures. For MSW landfills under normal operating conditions and methanogenic degradation of the waste, the liner temperature is typically 30-40°C (perhaps to 45 o C) while those with D r a f t accelerated gas generation may be 50-60 o C (Rowe 2005 (Rowe , 2012 . While less common, elevated liner temperatures of 70°C to 85°C can arise due to co-disposal aluminium production waste with MSW (Jafari et al. 2014 ). Many investigators have examined the durability of HDPE GMB sheet over a range of thicknesses immersed in a variety of solutions (e.g., Sangam and Rowe 2002b; Müller and Jacob 2003; Rimal et al. 2004; Rowe et al. 2008; Rowe et al. 2009; Rimal and Rowe 2009; Schiers 2009; Rowe et al. 2010a; Rowe et al. 2010b; 2012; 2013; 2014; Rowe 2012, 2014; Abdelaal et al. 2014) . However, until this present study, there has been no published research investigating the durability and long-term strength of HDPE GMB seam immersed in synthetic municipal solid waste (MSW) leachate. Thus, the first objective of this paper is to examine the depletion of oxidative induction time (OIT), which is an indicator of the time to the end of the first stage of GMB ageing (Hsuan and Koerner 1998) , at and near the weld with ageing and to compare this with the depletion well away from the weld. The second objective is to investigate the change in the peel and shear strength of the weld with ageing and to make preliminary estimates of the time to nominal failure of the weld.
EXPERIMENTAL INVESTIGATION

Immersion testing in synthetic leachate
Laboratory ageing tests are commonly used to examine the stages of GMB degradation and to allow extrapolation of HDPE GMB behaviour at any site-specific temperature (Hsuan and Koerner 1998; Sangam and Rowe 2002; Rowe et al. 2009 Rowe et al. , 2010a . Laboratory immersion tests have been used frequently to investigate the depletion of antioxidants. In a few cases, the time to nominal failure (typically the time for the reduction of a physical property to 50% of its initial value) of HDPE GMBs has been examined. In this study, accelerated ageing tests were conducted by immersing coupons (180mm by 100 mm) of dual wedge welded HDPE GMB seams in a synthetic municipal solid waste leachate at four temperatures (40, 65, 75, and 85 o C). The welded GMB and leachate D r a f t 4 were contained in 4-liter glass containers with the coupons separated by 5 mm glass rods to ensure that all surfaces were in contact with the leachate.
Given that the concentrations of constituents in real leachate can change daily, the use of a synthetic leachate overcomes problem of variables concentration leachate by providing a consistent chemistry over years of testing. The synthetic leachate used represents the key inorganic constituents found in MSW landfill leachate collected from the Keele Valley Landfill on Ontario, Canada (Hrapovic 2001; Sangam and Rowe 2002; Rowe et al. 2008 Rowe et al. , 2009  Table 1 ) but had no volatile fatty acids (VFAs). It has been found that the leachate without VFAs was more aggressive than leachate with VFAs (Rowe et al. 2008; Abdelaal et al. 2014 ) and since VFAs are largely depleted early in the landfills life-cycle it was considered to be reasonable and conservative to omit the VFAs in this study. The amount and nature of the surfactant component of the leachate has been shown to significantly affect the rate of OIT depletion (Rowe et al. 2008; Abdelaal and Rowe 2015) . Compared to surfactant, salts in the leachate at concentrations typically encountered in landfills have been shown to have relatively little effect on OIT depletion, but to be critical to the subsequent ageing of the GMB (Rowe et al. 2008; Abdelaal et al. 2014) . The surfactant and salt concentrations considered here (Table 2) are generally considered conservative for most MSW leachate and thus the predicted times to nominal failure in this paper are expected to be shorter than they would be for most MSW leachate. There was no evidence of biological/bacterial activity in the leachate or on the GMB or welds. HDPE GMBs are reported to be resistant to bacterial attack (e.g., Koerner et al. 1991) .
Test methods
Oxidative Induction Time (OIT) test
As a result of oxidative degradation by free radicals or hydroperoxide, and/or by physical loss (e.g., extraction, diffusion, and volatilization) there can be a loss of antioxidants/stabilisers in the GMB D r a f t 5 (Hsuan and Koerner 1998; Sangam and Rowe 2002b; Müller and Jacob 2003; Rowe et al. 2008; Abdelaal and Rowe 2013; Rowe et al. 2008 Rowe et al. , 2009 Rowe et al. , 2010a Rowe et al. ,b,c, 2013 
Shear and Peel Test
Shear and peel (ASTM D6392-12) tests were conducted to monitor GMB degradation using a Zwick Roell (Model Z020) machine at a constant test speed of 50mm/min. Five specimens were tested in the shear tests and ten specimens in the peel tests. The specimens were cut perpendicular to the seam, with dimensions of 150 mm long by 25 mm wide.
GMB and Welds
The 1.5 mm HDPE GMB (denoted MyE-15; Table 2 ) examined was dual wedge welded by a senior welding technician from Terrafix Environmental Technologies Inc. as a part of the installation of the Queen's Environmental Liner Test Site (QUELTS; located 40 km north-northwest of Kingston, Ontario, Canada) on a warm summer day. The OIT specimens were taken at the three locations (insert to Figure 1a ): a) Sheet away from the weld (SAW) where the GMB is unaffected by the welding process; b) Heat affected (by the welding process) zone (HAZ) immediately adjacent to the weld; and, c) Welded zone (Weld) where two sheets have been fused to form a seam.
In each case, the OIT specimen was taken through the full thickness of the GMB and hence the OIT value represents an average of the OIT at different positions through the GMB (expected to be less at the surface and more at the middle of the specimen; Rimal and Rowe 2009) . The highest initial D r a f t 6 Std-OIT and HP-OIT oxidative induction time were for sheet material away from the weld (SAW), the lowest value was in the welded area (Weld), and an intermediate value was obtained in the heat affect zone (HAZ; Table 2) . The values at all three locations (Table 2 ) met the requirements for both Std-OIT and HP-OIT defined by GRI-GM13. In contrast, to the present study which found some change in initial OIT due to welding for e GMB manufactured in Austrlaia, a recent study by Zhang et al. (2017) found no significant effect of welding on the initial Std-OIT of the three location examined in this paper. This indicates that the effect of welding on initial properties may depend on the particular antioxidant package.
The shear and peel tests gave shear break strength, shear break elongation, and peel break strength values (Table 2 ) which met the requirements of GRI-GM19. GRI-GM19 does not specify a limit on peel break elongation and there is still debate in the industry regarding the relevance of peel elongations and so, while results are reported, little weight is assigned to these results in the discussion of time to nominal failure.
RESULTS
Depletion in oxidative induction time
The Std-OIT obtained for specimens taken from coupons immersed in leachate at different temperatures over the 48 months of immersion were normalized with respect to the initial value and plotted for the three locations examined (insert to Fig. 1a) in Figure 1 . The depletion was consistently fastest in the HAZ and slowest at the Weld (where the GMB was thickest) at each temperature. The depletion rates increased with increasing temperature (Figure 2 A first-order relationship (Hsuan and Koerner 1995; Sangam and Rowe 2002; Abdelaal et al. 2014 ) is often used to fit Std-OIT depletion with a two-parameter (OIT o and s) exponential decay model:
Taking the natural logarithm of both sides, this becomes:
where: OIT t (minutes) is the OIT at the time of interest t, OIT o (minutes) is the initial OIT (i.e., at t=0), s is the antioxidants depletion rate (months -1 ) and t is the incubation time (months) at a given temperature T.
The depletion rates at different temperatures can be captured by the Arrhenius equation (Hsuan and Koerner 1998):
and, taking the natural logarithm of both sides, Eq. 2 can be rewritten as:
where T (K) = temperature, E a (J.mol (Rowe 2005 (Rowe , 2012 were 18-8.5 years for the HAZ, 27-13 years for SAW, and 30-14 years for the welded area. In this example, the projected depletion rate in the HAZ is considerably (≥1.5 times) faster than in either the SAW or Weld. This will be discussed later.
As was the case for Std-OIT (Fig. 1) , the depletion of the antioxidants/stabilizers detected by HP-OIT (Fig. 4) was fastest in the HAZ and slowest in the Weld. However the rate of depletion of HP-OIT was much slower than for Std-OIT as may be appreciated by comparing the HP-OIT depletion at the three locations at 85 o C in Figure 4 with that for Std-OIT in Figure 1a and also by comparing the HP-OIT results ( Figure 5 ) with those for Std-OIT (Figure 2 ) for the HAZ. By both measures, the antioxidants reduced to a residual value (defined as the OIT value at which it ceases to decreases with time; Rowe et al. 2009 Rowe et al. , 2010a 
.75 -689/T for SAW (i.e., essentially the same as HAZ) (6b)
An Arrhenius plot was constructed ( Figure 6 ) by plotting the depletion rate, s (obtained from the non-linear least squares best fit to the HP-OIT data with three-parameter model Eq. 5) versus 1/T
(1/K) to obtain the linear least squares best fit for each of the three location, viz:
The weld has the longest depletion time for HP-OIT for immersion in MSW leachate all temperatures, whereas the SAW and HAZ were very close (Table 3) 
Physical degradation
Based on shear and peel tests conducted on unaged and aged specimens, four different physical properties (shear break strength and elongation and peel break strength and elongation) were used to estimate: (i) the time, t i , when the property of interest first departed from the initial value, (ii) the time to nominal failure, t NF , and (iii) time to residual, t r. The estimates of t NF were based on when the property of interest reached 50% of the initial value. The time to residual was based on when the D r a f t properties appeared to remain at a constant value after the decrease. In all cases the Std-OIT had depleted before a change in a physical property was noted. This is consistent with the traditional three-stage degradation model (Hsuan and Koerner 1998). However, in contrast, significant HP-OIT was still present when physical degradation was first observed (for T ≥ 65 o C; Table 4 ). Neither
Std-OIT nor HP-OIT had depleted to residual and no significant physical degradation was noted over the four years of testing at 40 o C.
Shear break strength (SBS)
The shear yield and break strength of welds immersed in leachate were monitored with ageing (e.g., (Table 4 ) which occurred after the Std-OIT had depleted to a residual value (2.73±0.13 min), but while the HP-OIT was still 17 to 56% above the residual value (HP-OIT r ) at each temperature. Thus, the HP-OIT remaining at time t i did not appear to be preventing physical degradation even before reaching residual. This casts some doubt on the D r a f t benefits, with respect to long-term performance, of the specific antioxidants/stabilizers used to get the high initial HP-OIT value (HP-OIT o ⁓ 1140 min before welding) in protecting a GMB bottom liner in a landfill. It is possible that the high initial HP-OIT may be beneficial with respect to longterm exposure to the sun, but this was not examined in this paper; see Rowe and Ewais (2015) for a discussion of ageing of exposed GMBs.
The change in SBS with time ( Fig. 8 & 9a ) at any temperature can be described by:
where Z= SBS (kN) is the shear break strength at time t (months), t i (months) is the time when the strength first departs from the initial value, s s (kN/month) is the slope of the best fit line for the decrease in shear strength at break with ageing time, t r (months) is the time at which it reaches the residual value, and Z r = SBS r (kN) is the residual value. The Macaulay bracket {} notation indicates a ramp function with a zero value for (t-t i ) < 0.
An Arrhenius plot was used to obtain t i at any temperatures by plotting ln (1/t i ) versus temperature 1/T (K -1 ), and the least squares linear best fit to the data was represented by:
where t i (months), and T = absolute temperature (K). Likewise, plotting ln (s s ) (i.e., ln of the slope of the least squared best-fit line for the decrease in shear strength at break) against 1/T (K -1 ) gives an Arrhenius relationship for degradation rate, viz:
Once the time to initial degradation (t i ; Eq. 9) and the degradation rate (s s ; Eq. 10) are known, the time required to reach a given value Z t of SBS (Z t ≤ Z r ) can be calculated from:
The time, t, to Z t = SBS t at any temperature T (K) can be calculated from (Eqs. 9, 10, 11; Table 5 ).
The predicted time to nominal failure, t NF , when the shear break strength reaches 50% of the initial value, obtained by solving Eq. 11 for Z t = Z NF = 11.85 kN/m ( (Table 5) , obtained by solving Eq. 11 for Z t = Z r = 5.7 kN/m (Table 6) and Z r =SBE r (mm) is the residual value. The initial value for SBE was higher than the minimum value specified in GRI GM-19. SBE began to decrease at 15, 20, and 30 months for 85, 75, and 65 o C respectively. As was the case for SBS, there was no change at 40 o C over 48 months of testing and there was no decrease on SBE until after the Std-OIT had depleted (Table 4) . However, again, a change in SBE occurred before depletion of HP-OIT to a residual value, with it still being 29%, 31%, and 32% of initial value at 85, 75, and 65 o C (Table 4) . Equations of the same form as Eqs. 9-11 were developed for SBE (Table 5 ) and were used to predict the time to nominal failure, t NF , and to residual, t r (Table 6 ). For SBE, t NF , was obtained by solving Eq. 11 for Z t = Z r = 145 mm (Table   6 ). It was 6.6 years at 60 o C and 29 years at 30 o C. The predicted time to residual SBR t r (Table 5) , obtained by solving Eq. 11 for Z t = Z r = 39 mm ( 
Peel break strength (PBS)
Similar trends were observed for peel break strength and elongation (Figure 10 ), as for shear break strength and elongation ( Figure 9 ) and could be described by an Eq. 11 as indicated in Table 5 . As for the shear break properties there was no change in peel break or elongation until after depletion of Std-OIT however, again, the HP-OIT still present was above residual and 30%, 32-33%, and 34-35% of initial value at 85, 75, and 65 o C respectively. There was no change in PBS or PBE at 40 o C.
The PBS value specified in GRI GM-19 is 398 N/mm (398/25=15.9 kN/m) and the initial value (27.9 kN/m) based on ten specimens easily met this value.
The time, t, to Z t = PBS t and PBE t was calculated from (Eqs. 9-11; Table 5 ) to give t NF and t r (Table 6 ). The predicted time to nominal failure, t NF , for the peel break strength ( 
Tensile tests
Tests were performed to examine the changes in load-elongation response for the weld in tension (ASTM D6693 except that it included the weld), and a conventional tension test (ASTM D6693) on a sheet away from the weld. Both initially and after ageing, failure occurred in the HAZ for both the shear and the tension test on the weld, whereas in the tension test on the sheet the specimens all extended and necked until they broke near the middle of the specimen ( Figure 12 ). As previously noted, the early stages of the load elongation curve in shear were not greatly affected by ageing.
However, whereas the unaged material work hardened and broke at a strength just a little less than the yield strength, the aged specimens experienced a loss of work hardening and a loss in strength with strain until the specimens broke immediately adjacent to the weld at 13% and 24% of the D r a f t elongation and strength of that of the unaged specimens (on average), respectively, after four years in leachate at 85 o C ( Figure 7 and Table 7 ). Similar behaviour was observed in the tension test (Figure 13 ), but the same amount of ageing resulted in the tensile break occurring at 26% and 52% elongation and strength of that unaged value ( Figure 13 and Table 7 ), respectively. Both initially and after ageing in leachate for four years at 85 o C, the sheet material in tension exhibited a similar general response similar to the unaged material ( Figure 14 ) with work hardening before break occurred. With the same four years of ageing, the sheet broke at elongation 82% and strength 76%
of that of the unaged material ( Table 7 ).
The reduction of the strength and elongation of the weld in shear was considerably faster than when the weld was under tension with the percentage remaining after 48 months of ageing at 85 o C being almost twice that in shear for both strength and elongation. The tensile break strength and elongation of the sheet ( Figure 14 and Table 7 ) degraded much slower than the tensile strength and elongation of the weld ( Figure 13 and Table 7 ), which degraded slower than the shear strength/elongation of the weld ( Figure 7 and Table 7 ). The difference between the degradation in shear and tensile tests is likely associated with the additional bending associated with the shear test compared to the tension test, suggesting that the ability of the material to accommodate this more complex loading degrades faster than its capacity to sustain (essentially) pure tension. The degradation of the seam in shear and tension was much faster than in the sheet at all temperatures, although degradation was slower at lower temperatures (Table 7) . Thus, in the same period and the same exposure conditions, the sheet had experienced substantially less degradation (Table 4) as no degradation was observed until after the Std-OIT had depleted followed by a lag period before degradation was noted.
There is view in the industry that if a GMB contained hindered amine light stabilizes (HALS) then only the HP-OIT data is pertinent (this case) and that in the absence of HALS, then Std-OIT is relevant. This view is based on the observation that the Std-OIT and HP-OIT are two different tests designed to evaluate materials that are completely different in chemical composition and act by similar, but by different chemical paths. In this context, the traditional model for GMB oxidative degradation does not hold since degradation started well before the HP-OIT had depleted (Table 4) .
Furthermore, the high residual HP-OIT values did not appear to provide protection to the welds in peel or shear (or simple tension) as they experienced significant degradation despite high HP-OIT values. Thus, in assessing the long-term performance of these welds in shear and peel, knowledge of the HP-OIT offered little insight at the temperatures where degradation was observed (65, 75 and 85 o C). In contrast, the Std-OIT did offer insight. However, it is notable that there was little difference in the time required for HP-OIT depletion in the HAZ and SAW and even the weld.
Based on this observation it is hypothesized that the HALS in this GMB had a high molecular D r a f t weight and were not mobile. They remained present and not greatly affected by the welding process, however not able to migrate to the surface of the GMB and provide protection, especially in the critical HAZ.
The predicted Std-OIT depletion times in the HAZ were considerably (≥1.5 times) faster than in either the SAW or Weld. The difference between SAW and Weld is relatively small and much less that one might expect given that the GMB is almost twice as thick at the weld as the sheet and hence has a much longer diffusion path than the thinner GMB sheet (see Rimal and Rowe 2009; Rowe et al. 2010a) . Although the initial OIT o was smallest at the weld and greatest in the SAW, the effect was small (Table 1 ) and cannot explain the large difference in depletion time between the HAZ and SAW or the small difference between the Weld and SAW (given the substantial difference in thickness). Thus, in search of an explanation for this unusual behaviour, it is hypothesized that the heating and cooling of the polyethylene at the weld (weld) and adjacent to the weld (HAZ) during the welding process has resulted in a morphological change in the hardened polyethylene and possibly a redistribution of the antioxidants detected in the Std-OIT test in the amorphous portion of the GMB which resulted in much faster depletion in the HAZ than the SAW and only a marginal slower depletion in the weld than the SAW (despite the greater thickness).
Since only one wedged temperature and speed of welding was considered in this study it is not known how they or the initial temperature of the sheet just prior to welding might affect the results.
The hypothesis proposed above and the effect of the welding variables on weld ageing is presently under study at Queen's University.
The predicted times to depletion of HP-OIT to a (high) residual is smaller than for Std-OIT for temperatures below 60 o C. If the Std-OIT is providing protection then it follows they will be the significant antioxidant despite the presence of HALS at typical landfill temperatures of 30-40 o C.
Based on the predictions (Table 3) , the HP-OIT in the HAZ should approach residual after 5.3 years D r a f t where as the Std-OIT is not expected to reach residual until about 8.5 years and the first reduction in physical properties of the weld (PBE) is not expected until year 9 (i.e., for another 5 years at the time of writing).
Degradation was evident from the decrease in peel and shear elongation and strength at break.
These breaks invariable occurred in the HAZ (none in the weld itself). This may in part be due to the stiffening of the material in the welds and the higher strains at the location (discussed below) but is also due to early degradation of the polyethylene after depletion of the Std-OIT. Ultimately, it is hypothesized, failure at welds will occur due to stress cracking in the HAZ at the welds; these hypotheses are the subject for an ongoing investigation.
Although the peel test was more sensitive to degradation (i.e., the time to the first decrease in peel strength and elongation occurs before that in shear strength and elongation; Table 6 ), the shear data is considered more relevant to the long-term performance of welds since the shear loading is more representative of that likely in the field. As noted earlier, the rate of decrease in strength and elongation of the weld in shear was about 2.2 times faster than that of the sheet in tension. This suggest that, other things being equal, the welds will reach nominal failure well before the sheet.
However, things are not equal. The strains in the HAZ also can be expected to be substantially higher than in the sheet away from the weld. For example, Kavazanjian et al. (2017) reported that in a tension test for a welded specimen the measured maximum strains near the weld were three to four times higher (at 9 to 11%) than the global average tensile strain of about 3%.
Combined, the findings of this study and that of Kavazanjian et al. (2017) avoided. Wrinkles will induce tensile strain but, more importantly, they will act as a conduit for leakage if/when the weld fails. Fourth, sustained tensions due to locked-in thermal stress need to be avoided, especially where there is a weld.
The findings of this present study are subject to a number of important qualificators as indicated below. First, the synthetic MSW used had surfactant and salt concentrations considered to be conservative for most MSW leachate. Thus, the predicted times to nominal failure given herein are expected to be shorter than they would be for most MSW leachate. Second, the results were obtained for GMB exposed to leachate on both sides whereas in a landfill liner the GMB would be underlain by a compacted clay or geosynthetic clay liner and would only be exposed to leachate on one side. Rowe et al. (2010) reported that the time for Std-OIT depletion in a full simulated liner system was almost three times longer that for the same GMB immersed in the same leachate. Thus, the numbers reported for time to nominal failure are an index related to the service-life of the GMB in the field, but do not represent service-life since: (i) they considered more extreme exposure conditions for OIT depletion, and (ii) they only consider the thermo-chemical interaction and do not consider the tensile stress in the GMB which are also an important consideration in assessing GMB service-life. Nevertheless, the findings from this study provide considerable new insight into likely weld behaviour in a landfill liner, and the time to nominal failure given herein can be expected to be related to the service-life.
SUMMARY
The key observations from the study for the GMB and weld considered were:
1) The OIT was highest in the sheet away from the weld (SAW). Welding appeared to have caused a reduction in OIT from the heat-affected zone (HAZ) adjacent to the weld and slightly more from the welded zone itself (Weld).
2) Despite the lower initial OIT, both the Std-OIT and HP-OIT depletion rate were slowest for the weld itself and fastest rate for the heat-affected zone (HAZ) adjacent to the weld. of the time or about 2.2 times faster). Although slower in all respects at lower temperatures, the degradation of the seam in shear and tension was still faster than in the sheet.
CONCLUSION
This represents the first study of dual wedge welded seams immersed in synthetic MSW leachate.
Before ageing, the HDPE GMB and welds met the typical industry requirements of GRI-GM13.
Only one GMB and one leachate were examined in this study and the results should be viewed in this context. The behaviour of another GMB could be better or worse depending on its antioxidant package, resin, and thickness, and the chemical composition of the leachate. Subject to these qualifications and based on the results reported herein, the following conclusions were reached for this GMB in synthetic MSW leachate:
1. For a weld that is initially satisfactory (as per GRI-GM19), the critical location with respect to seam performance is the heat affected zone adjacent to the weld. The OIT depleted fastest and the failures in shear and peel all occurred at this location with ageing. No failure of the welded itself was observed.
2. No physical degradation of the welds occurred until after the Standard OIT was depleted.
However, degradation began before the HP-OIT was depleted (based on specimen taken 
